This work is an ab initio study of the 2p 3 4 S o 3/2 , and 2 D o 3/2,5/2 states of C − and 2p 2 3 P0,1,2, 1 D2, and 1 S0 states of neutral carbon. We use the multi-configuration Hartree-Fock approach, focusing on the accuracy of the wave function itself. We obtain all C − detachment thresholds, including correlation effects to about 0.5%. Isotope shifts and hyperfine structures are calculated. The achieved accuracy of the latter is of the order of 0.1 MHz. Intra-configuration transition probabilities are also estimated.
I. INTRODUCTION
Negative ions have always attracted broad attention from the scientific community [1, 2] . They challenge both the experimentalist and theoreticians. The first because they are weakly bound, and therefore fragile, and because they do not possess a lot of features allowing measurements. The latter because the binding of an extra electron is granted only by a arrangement of the electrons in a highly correlated system [3] . Moreover, the fact that the electrons in negative ions are bound by a short range potential confer them unique properties. C − is the lightest negative ion to have two bound terms: its ground state 4 S o and the 2 D o excited state which both arise from the 2p 3 configuration. The level diagram of the states studied in this work is given in Figure 1 .
Carbon is among the most abundant components in the universe and a key element in life chemistry. The carbon negative ion is attracting in astrophysics and atmosphere physics since nitrogen-like 2p 3 4 S o − 2 D o forbidden lines are recognized as useful transitions for abundances determination [4] [5] [6] . It has also recently been suggested by Le Padellec et al. [7] that C − negative ion could intervene in astrophysical reactions. The photodetachment cross-sections of the C − have been repeatedly studied, both theoretically [8] and experimentally [9] , for photon energies addressing valence electrons and core electrons [10, 11] . Recently, an isotope separation method was tested by Andersson et al. [12] , based on the isotopic dependence of the Doppler shift of the C − detachment thresholds in an accelerator.
A binding energy of 1.262 119 (20) eV for the C − ( 4 S o ) has been measured by Scheer et al. [13] who could not improve the old value of 33 (1) oretical side, very accurate carbon electron affinities were obtained with coupled-cluster-based methods [15] [16] [17] . The structure of the C − has not been studied thoroughly and especially little is known about the 2 D o multiplet. In laboratory plasmas, lifetimes of the order of the ms were measured for the C − ( 2 D o ), the electron detachment being principally caused by the black-body radiation and, to a lesser extent, to collisions [18] . Significantly longer lifetimes could be reached in the cold and diluted interstellar media where molecular anions have already been detected [19] . However, the C − ( 2 D o ) is, for various reasons, very difficult to study experimentally. In this context, a firm theoretical knowledge of this system is particularly precious.
Elements from boron to fluorine are the next targets after beryllium in the working line of "exact" calculations. High accuracy can be achieved for systems with up to four electrons using wave functions expanded in explicitly correlated gaussian or in Hylleraas coordinates [20] [21] [22] .
Although the precision that can be achieved for atoms with more electrons is limited by the complexity of the electron correlation mathematical treatment, the ground states of the second period p−block atoms from B to F are satisfactorily described by a non-relativistic approach on top of which relativistic corrections are added.
A critical benchmark quantity for highly correlated models is the isotope shift (IS) on the electron affinity ( e A) that is doubly sensitive to correlation effects: through the negative ion structure and through the specific mass shift parameter. The multi-configuration Hartree-Fock method has been successfully used for calculating the IS on the e A of O [23] , S [24] and Cl [25] . The purpose of the present work is double. Our principal objective is to obtain the crucial informations about the C − electronic structure for stimulating experimental research on the 2 D o state. Therefore, we focus on quantities that are especially difficult for experimentalists to measure: isotope shifts, hyperfine structures and absolute transition probabilities. As for the energy separations themselves, we do not try to compete nor with the observation, nor with the previous coupled-cluster calculations. We instead use these reliable reference data for assessing the quality of our computational procedure.
Our second objective is to obtain non-relativistic (NR) wave functions as accurate as possible using the standard tools of the ATSP2K package [26] . For getting the best estimation of the accuracy, we choose to use the same systematical construction of our C and C − models, avoiding any arbitrary compensation of the "additional" electron correlation of the negative ion compared to the neutral atom.
In Section II, we present large scale numerical multiconfiguration Hartree-Fock (MCHF) calculations (Section II E), relativistic calculations estimated using the Breit-Pauli approach (BPCI, Section II F) [27] and relativistic configuration interaction based on the Dirac equation (RCI, Section II G) [28] . In Section III, we present accurate results for hyperfine structures (Section III A), total energies including the fine structure (Section III B), mass polarization shift parameters (Section III C) of C 2p
In Section III D, we present the M1 and E2 transition probabilities within the 2p 2 and 2p 3 configurations of C and C − .
II. COMPUTATIONAL METHOD
A. The MCHF expansion
The multiconfiguration Hartree-Fock (MCHF) variational approach consists in optimizing the one-electron functions spanning a configuration space and the mixing coefficients of the interacting configuration state functions (CSF) [27] for describing a given term
(1)
B. Hyperfine interaction
The level hyperfine structure is caused by the interaction of the angular momentum of the electrons (J) and of the nucleus (I), forming the total atomic angular momentum F = I + J. The theory underlying the computation of hyperfine structure using MCHF wave functions can be found in references [29] [30] [31] . It is possible to express the non relativistic hyperfine interaction in terms of the Jindependent orbital (a l ), spin-dipole (a sd ), contact (a c ) and electric quadrupole (b q ) electronic hyperfine parameters defined as [29] 
and calculated for the magnetic component M L = L and M S = S [32] . The diagonal hyperfine interaction energy correction is usually expressed in terms of the hyperfine magnetic dipole (A J ) and electric quadrupole (B J ) constants as follows
The first three parameters (2), (3), and (4) contribute to the magnetic dipole hyperfine interaction constant through
with [33] 
while the last one (b q ) constitutes the electronic contribution to the electric quadrupole hyperfine interaction
Expressing the electronic parameters a l , a sd and a c in atomic units (a −3 0 ) and µ I in nuclear magnetons (µ N ), the magnetic dipole hyperfine structure constants A J are calculated in units of frequency (MHz) by using G µ = 95.41067. Similarly, the electric quadrupole hyperfine structure constants B J are expressed in MHz when adopting atomic units (a (14) when calculated with non-relativistic LSJ wave functions. The expression for the off-diagonal hyperfine interaction, depending on the hyperfine constants A J,J−1 , B J,J−1 and B J,J−2 , are developed in reference [31] . Hibbert [32] gives the expressions of A J,J−1 in terms of the hyperfine parameters (2-5).
C. The isotope shift
The first order isotope shift on an energy level is decomposed in a field shift (or volume shift) and a mass shift [34] . The first is proportional to the change in nucleus rms radius and change of the modified electron density at the origin. It is negligible in our context.
The energy corrected for the first order mass shift, on the other hand, can be estimated using [35] 
where m is the electron mass, M is the bare nucleus mass, E ∞ the infinite mass nucleus and
The first term contains the normal mass shift
and the second one is the specific mass shift (SMS). The mass polarization parameter, S sms , has the dimension of an inverse square length.
D. Transition probabilities
The Einstein A if coefficient of spontaneous emission is defined as the total probability per unit of time for an atom in a given energy level i to make a transition to any state of the energy level f [36] .
A transition between levels of same parity is forbidden in the electric dipole approximation, being in general many orders of magnitude lower than an allowed transition. Two interactions of the same order of magnitude can contribute to the appearance of such transitions: the dipole magnetic and the electric quadrupole radiationmatter interactions. At the non-relativistic level, a dipole magnetic transition (M1) is governed by the electronic magnetic dipole operator that is
In the mono-configuration approximation, the above matrix element is non-zero only between states of the same configuration and LS. This selection rule is relaxed by configuration and LS mixings, the remaining constraints being that J f = J i , J i ± 1, and that Ψ i and Ψ f have the same parity. For its part, an electric quadrupole (E2) transition rate is proportional to the electric quadrupole moment matrix element
the sum running on all spatial electron coordinates k. Neglecting the LS term mixing, a necessary condition for A E2 to be non-zero is that
and that the atomic parity is conserved.
E. Non-relativistic calculations
We first select a zero-order set of CSFs, the multireference (MR). For all studied states it is the set of single and double excitations of the main configuration to the n = 2, 3 shells. All the CSFs interacting to first order with the MR are selected and we choose the reverse order for the subshell coupling [24] . The orbital active set is defined as the set of all orbitals characterized by quantum numbers n ≤ n max and l ≤ l max , and is denoted n max l max . We first performed calculations defined in the spaces 4f to 12k , denoted MR-I n max l max .
For each active space 10k , 11k and 12k , we order the configurations according to their weight [37] . We then construct several new MRs following this hierarchy, independently for each state and active set, by selecting the minimum group of configurations that add up to a certain percentage p of the total wave function. Those multi-references are denoted MR p for each given MR-I wave function. Unsurprisingly, the MR p sets are not sensitive to the used active set. 
Bi-logarithmic plot of the convergence of the C( 3 P ) mass polarization expectation value versus the corresponding energy, in Hartrees (E h ). The coordinates of the black squares are the differences (in absolute value) between the results of the MR-I nl and MR-I 12k calculations, n = 6 − 11 from left to right. Similarly, the coordinates of the white squares show the convergence of MRp-I 12k toward MR99.95-I 12k , p = (99 − 99.9)% from left to right.
The energy, S sms and hyperfine parameters calculated in this work are presented in Table I for neutral carbon and in Table II for C − . It should be stressed that the differences between the results obtained with p = 99.9 and p = 99.95 are close to the expected numerical accuracy. We estimate that the dominant error in the neutral carbon calculations is due to the nl-truncation of the active set. This is not the case in the C − calculations for which the p-truncation is the most limiting.
From Tables I and II, we observe that the differences between the MR p -I 11k and MR p -I 12k results do not depend strongly on p. In fact, the error made by reporting the impact of the 12 th shell on the calculation with p = 99, on the results of the largest MR p -I 11k is smaller than 4 10 −7 E h on the energy, than 2 10
0 on S sms and than 9 10
0 on the hyperfine parameters. Using this observation, we add a correction for the 13 th correlation layer and for the l = 8 orbitals. First MCHF calculations are performed on the MR-I 13k and MR-I 12l CSF spaces, fixing all one-electron radial functions at the MR-I 12k level and varying only the new orbitals. We use the so optimized orbitals in MR 99 -I 13l CI calculations, omitting the 13l subshell in the active set and using the multi-reference obtained with the 12k active set. The two contributions (higher n and l) are of same order of magnitude, as far as the energy is concerned. Still, the additional correlation layer tends to dominate in C − while the additional angular flexibility has the largest impact in the neutral carbon calculations.
As we already mentioned, the convergences in either n or p, of a state energy and S sms are monotone and correlated (see e.g. Figure 2 ). This fact could help strongly for extrapolating the energy and S sms value. However, even for a two-electron system, the precise behavior of the energy convergence with the principal quantum number in the high n-limit is unknown [39, 40] . Froese-Fischer used the following extrapolation function for studying four electrons systems [41] 
the a 4 , a 5 and a 6 parameters, and δn being chosen such that a 4 < 0 and |a 4 | ∼ |a 5 | ∼ |a 6 |. Fitting the n = 10−12 results of Table I to equation (22) for extrapolating to n → ∞, we obtain −37.84465 E h for the energy of the C( 3 P ) state. This procedure does not extrapolate to l → ∞. The error on the extrapolation is of the order of 10
−5 E h and the truncation in l of about 10 −4 E h . We are in fair agreement with the non-relativistic energy of −37.8450 E h estimated by Chakravorty et al. [42] . To our knowledge, the values of Table I are the best ab initio estimated energies, even without the n = 13 and l = 8 corrections. Finally, let us mention that Sarsa et al. [43] calculated the S sms expectation value for the carbon 3 P state using the Monte Carlo (MC) approach with an explicitly correlated wave function and obtained S sms = −0.38(2) a A first way to include relativistic effects is to use the Breit-Pauli Hamiltonian that includes the 1/c 2 relativistic correction operators to the non-relativistic atomic Hamiltonian [27] .
Since the radiative transitions we consider are essentially authorized by L and S mixing, we need to have a good description of the term mixing. On the other hand, it is the calculation of the scalar relativistic effects that is needed for estimating the relativistic effects on the electron affinity since the fine structures of the involved species are usually known experimentally. We therefore choose two distinct Breit-Pauli models. The first BPCI CSF lists are used for the term separation and detachment thresholds corrections while the second approach is used for the transition probabilities calculations.
Focusing on the correlation, we merge the MR 99 -I 10k lists of the studied terms for both C − and C. Then we extend this model by adding the CSFs interacting to first order with the CSFs 2p3p LS, LS = 3 D, 3 S, 1 P for C and the CSFs 2p
For the neutral carbon we test the impact of additional correlation on the relativistic corrections by using the MR 99 -I 11k and MR 99.5 -I 11k spaces. We finally diagonalize the Breit-Pauli Hamiltonian in those CSF spaces using the corresponding active sets optimized in the non-relativistic calculations. The relativistic corrections to the energy are summarized in Table III . We see that the effect of the additional LS mixing on the energy levels is so small that only the corrections on the fine structures are meaningful.
For the reasons expressed above, we also perform BPCI calculations that focus on term mixing. For each LSJ and active set nl (nl = 4f − 12k for C and 4f − 8k for C − ), the MR 98 -I list is merged with the MR-I set obtained using the reference containing all allowed LS couplings of the 2s → 3d, 2p → 3p and 2s 2 → 2p 2 excitations from the main configuration.
G. Relativistic configuration interaction calculations
We use essentially the same method as in [33] . First, we perform reference MCHF calculations with all single and double configuration excitations (SD) of the ground state in active sets ranging from 3d to 8k . The resulting non-relativistic radial orbitals P nl (r) are then converted to Dirac spinors using the Pauli approximation
where α is the fine structure constant and κ is defined
We finally perform the corresponding RCI calculations using the set of SD excitations of the main configuration. Larger configuration sets are explored by means of nonrelativistic CI and RCI calculations using the references The relativistic effects are estimated from the differences between the non-relativistic CI and corresponding RCI results.
In Table IV , we compare the relativistic corrections on S sms obtained with our calculations to the ones deduced from single configuration calculations (RCI-HF and DF-HF). It seems that correlation plays an important role in the estimation of these corrections, as could be expected from an operator that measures the correlation between the momenta of the electrons. The convergence of the mono-reference approach with n is sufficient. However, we see a large change between the mono-and multireference approaches. In Table V , we present the corrections for A I µ I and B/Q that are both independent of the nuclear spin I and multipole moments (µ I , Q).
Similarly to the non-relativistic calculations, we note that for neutral carbon, the impact of the 7 th and 8 th shells is not much affected by the choice of reference. We then estimate the final value as in the non-relativistic case.
III. RESULTS AND COMPARISON TO EXPERIMENT A. Hyperfine Structures
In this work, we focus on the isotopes 13 and 11 of carbon, respectively of nucleus spin 1/2 and 3/2. The 11 C nucleus decay into 11 B by e + -emission with a halflifetime of 20.4 minutes. Haberstroh et al. [46] and Wolber et al. [44] performed experimental studies of the hy- perfine structures of the carbon ground state of 11 C and 13 C, respectively. In the latter article, a magnetic dipolemoment of 11 C of −0.964(1) µ N was deduced from the then available µ( 13 C) value. We update this estimation by using the modern µ( 13 C) value [47] combined with the two measured A( 3 P 2 ) constants:
(28) The error on this value is now dominated by the accuracy of the A( 3 P 2 ) hyperfine constants measurements. As mentioned in Section II E, it is difficult to have a rigorous estimation of the uncertainty on the hyperfine parameters. We however advance a learned guess of their reliability. First, we see in Table I that the integrals a l , a sd and b q of C change less than 0.05% after the addition of the 13l correction. The a c parameter of the 3 P is only slightly more affected (∼ 0.1%). These effects are representative of the accuracy of our results for neutral carbon. In the case of C − we face two additional limitations: the structure of the negative ion converges more slowly and we are limited in our expansions. Moreover, only the most troublesome contact term is responsible for the non-relativistic HFS of 2p 3 4 S o . For these reasons, and comparing the values of Table II with results obtained with the active set 10k , we must allow for relative uncertainties on the HFS parameters roughly ten times larger for C − than for C.
In Table VI , we present the non-relativistic A Tables I and II. In the same table, we add  the relativistic corrections of Table V to those values. The A( 3 P 1 ) constant is the place of severe compensations between the orbital (a l ) and spin-dipole (a sd ) contributions so that the uncertainties on those sum up to an error of the order of 10 2 kHz/µ N . The other nuclearparameters-independent hyperfine constants of neutral carbon suffer of a non-relativistic uncertainty of about 10 − 10 2 kHz/µ N . These are larger than the fluctuations observed in Table V . As far as C − is concerned, on the one hand the 4 S o hyperfine structure is essentially due to the contact term, itself arising only from correlation effects, and on the other hand, the 2 D o hyperfine constants are small but the achieved convergence of the calculations is less good. Therefore the relative non-relativistic uncertainties on C − hyperfine structures are larger as they sum up to about 50 − 100 kHz/µ N (kHz/barn). We conclude that the reliability of all normalized hyperfine constants is of the order of 10 2 kHz/µ N (kHz/barn) with the exception of the B( 4 S o ) that is certainly negligible.
Our results are compared with observations in Tables VII and VIII for C and C − respectively. We observe a good agreement with experiment, better than expected from the above discussion. This represents a significant improvement compared to the theoretical study of Jönsson et al. [45] .
The observed hyperfine splittings arise from the diagonal hyperfine interaction, parametrized by the A J and B J constants, and, to higher order, from the non-diagonal (JJ ) interaction of states of same F . If only two levels are involved, one must diagonalize the matrix
where ∆ JJ E(LS F ) = E(LSJ F ) − E(LSJF ) is dominated by the fine structure splitting and W (JJ ; F ) is governed by the off-diagonal hyperfine constants -here A J,J−1 , B J,J−1 and B J,J−2 (see Section II B). The offdiagonal electric quadrupole interaction is negligible and, at the non-relativistic level, we obtain for C( 3 P )
The hyperfine interaction between states belonging to different terms is negligible. Wolber et al. [44] measured two hyperfine splittings in the 13 C 3 P J multiplet, allowing the determination of the A 1 and A 2 diagonal constants but not of the off-diagonal constants so that they had to deduce the contribution of the JJ -interaction theoretically. The level shifts that they obtained from their computations are significantly higher than ours. However, the A J constants that reproduce the experimental hyperfine splittings when using our results for the JJ -interaction, A 1 = 2.829(17) MHz and A 2 = 149.052(10) MHz, do not differ largely from the experimental constants presented in Table VII. Haberstroh et al. [46] measured three hyperfine splittings for 11 C 3 P J , which is insufficient for determining all four A J and B J of this term. Hence they deduced the value of B 1 from the relation B 2 /B 1 = −2 which is only valid in the Hartree-Fock model. From Table VI , we see that this formula holds very well at the non-relativistic level but that, including relativistic corrections, we have
The effect of the refined B 2 /B 1 ratio and JJ -interactions cancel each other in the estimation of the diagonal hyperfine constants so that the resulting A J constants do no differ significantly from the experimental ones quoted in Table VIII . For the electric quadrupole interaction, the accuracy of our results is such that we can safely update the electric quadrupole moment of the 11 C nucleus with the formula
Using the B 2 constant of Haberstroh et al. [46] , we obtain a value of +0.03333(19) exp (2) th barns but if we use our theoretical parameters in the analysis of the observations, we obtain
This value is used for estimating the theoretical B J constants of this work presented in Table VIII . The difference between theory and experiment for the B 2 constant follows directly from the fact that (36) includes the refinements of the theoretical parameters needed in the analysis of the observed hyperfine splittings. Let us mention the previous calculations of the b q parameter (we get b q = 0.6314 a Table VIII , Sundholm and Olsen [48] proposed Q( 11 C) = +0.03327(24) barns which would only tenuously agree with our estimation if the (B 2 ( 11 C)) exp value was to be improved.
In the case of C − , the small 2 D o fine structure (1.75 cm −1 , see below), leads to JJ -interaction shifts on the energy levels that are roughly 10 times larger than in the neutral atom ground term, i.e. of the order of 0.1 MHz.
B. Energy differences
Table IX presents several calculated energy separations and compares them to other works.
Our C − term splitting is in very good agreement with experiment but, as will be seen below, this is partially accidental.
Our results on the neutral atom ground configuration level spacings are systematically better than the ones of Froese-Fischer and Tachiev [49] . It indicates that, in this context, our relativistic corrections are reliable. For the 3 P fine structure, we obtain as accurate results as recent fully relativistic calculations [50] .
Our systematic procedure is not particularly efficient for predicting the negative ion binding energy. In particular, for the 4 S o detachment threshold, the coupledcluster approaches are much more impressive [15, 16] . The recent value of Klopper et al. [16] indeed achieves a sub-meV (< 8 cm −1 ) agreement with the experimental electron affinities for all first-and second-period atoms (H-Ne). A similar accuracy had already been achieved more than 10 years before by de Oliveira et al. [15] for the second and third period p−block atoms.
By trying various extrapolation schemes on our C − calculations, we explain up to ∼ 20 cm −1 of the difference between our calculation of the 4 S o binding energy and the experimental value (about 5 cm −1 for each n and l extrapolations, and about another 10 cm −1 for the extrapolation to a complete active set). Turning to the relativistic effects calculations, we see that the scalar contributions calculated with the CC methods give −21.54 cm −1 [16] and −22.83 cm −1 [15] while we obtain −37.95 cm −1 . The extrapolation being reliable to about a couple of tenth of percents and since the additional expected contributions are of the order of the cm −1 , we conclude that our BPCI relativistic corrections are still unbalanced. The problem of our relativistic corrections on the detachment thresholds is confirmed by the fact that, looking to Table III, they are not well converged.
Aside a possible unbalance in the relativistic effects estimation, our error is roughly proportional to the correlation contribution. We see that the differences between the HF and experimental energy separations (see Table IX ) are reproduced to ∼ 0.1−0.7%, which is about the percentage of the C( 3 P ) correlation energy we get. It means that p and n are good indicators of the percentage of the correlation effects included in a model. However, the uncertainty on our relativistic corrections and on the 2 D o missing correlation is too large for an extrapolation based on this observation to be useful, e.g. for improving the experimental determination of the position of the 2 D o J levels. Indeed, a 0.5% uncertainty on our calculated correlation energies, which is no overestimation, reflects in corrections ranging from ∼ 60 cm −1 in the case of the largest HF-experiment discrepancy, to about 7.5 cm
of the same order of magnitude than the experimental uncertainty.
We would like to stress another advantage of using the number of correlation layers n and p as parameters for preserving the balance between systems having different numbers of electrons. Observing that our models converge toward the exact solution of the Schrödinger equation, a larger number of electrons demands larger active sets, and that for a given orbital set, p is roughly proportional to the amount of correlation in the model, we affirm that the results obtained with increasing n and p will most often underestimate the photodetachment thresholds. In other words, the detachment thresholds are valuable references for estimating the accuracy of the calculations since their behavior is monotone (as the level energies themselves).
C. Mass isotope shifts Table X reports the results for the (A = 13, A = 12) IS on various energy differences and compares them to previous works.
We have seen that the S sms parameter is strongly correlated to the energy, with negative and positive angular coefficients with respect to p and n, respectively. The non-monotonous behavior of the SMS forbids us to generally conclude that any calculation similar to ours will result in upper or lower bounds to the differences in mass polarization expectation values. In our particular case however, Tables I and II and Figure 2 show that the convergence in n is better achieved than in p (truncated to 99.8% or 99.3%). Therefore, we likely overestimate S sms . Since we have globally ∆S sms > ∆E, the estimations of the IS on the detachment thresholds presented below, in particular on the e A, are probably overly negative. Furthermore, we estimate that our non-relativistic values of IS are reliable to about 2 10 [24, 25] .
With regards to the difficulty to calculate the mass shifts, the discrepancy between the different calculations of the IS on the neutral atom term separation, of the order of 0.1 m −1 , is understandable. From the comparison of our results and the ones of Kozlov et al. [50] , it is difficult to estimate an order of magnitude for the contribution of the relativistic effects.
The neutral 3 P fine structure has been much more studied. It is known that the relativistic corrections to the mass shift operator are crucial when studying the isotope shift on the fine structure [59] [60] [61] [62] . Veseth [54] and more recently Kozlov et al. [50] performed calculations of the relativistic mass shifts in the 3 P multiplet of carbon, the first by treating perturbatively the fine-structure and nucleus-mass dependent Hamiltonians up to the third order, the second by using an all-electron CI method on the Dirac-Breit Hamiltonian and calculating the expectation value of the relativistic MS operator valid to the second order in αZ. We easily estimate the relativistic corrections to the specific mass shift operator for the transition 3 P 1 − 3 P 2 by comparing the equation (8) of Veseth to the Breit-Pauli fine-structure operator [63] . We obtain a correction of +0.0375 m −1 for the 13−12 IS( 3 P 1 − 3 P 2 ) which, combined with our result of Table X, gives a total shift of +0.014 m −1 . This value is in good agreement with the observation and with Veseth's results. However, neither this observation nor the stability of the corrections of Table IV demonstrates that the scalar relativistic effects on the IS are reliable.
D. Transition probabilities
We study the M1 and E2 transition probabilities between the LSJ levels of the ground configurations of C and C − . With the exception of 1 D 2 − 1 S 0 and the transitions between states of a same multiplet, the calculated Einstein coefficients are only non-zero thanks to the LS relativistic mixing. The M1 channel of the
transition is itself only opened by LS mixing of correlation CSFs. The non-relativistic magnetic dipole and electric quadrupole interactions are computed using the BPCI wave functions based on the MR 98 -I model described in the end of Section II F. For the calculation of the Einstein A transition rates between states that are developed in non-orthogonal orbital sets, we use the biotr program that is part of the ATSP2K package [26] . The results of our calculations on the neutral atom are summarized in The results for the C − are displayed in Table XII . There is other value available in the literature. To fill this gap, we compare our transition probabilities with others for the first elements of its iso-electronic sequence, i.e. N I and O II. A priori, the omission of the relativistic corrections to the M1 transition operator [4, 66] could be a serious limitation of our calculations. Indeed, Eissner and Zeippen [67] showed that for transitions between terms of the 2p 3 configuration, in particular, the relativistic corrections are of the same order of magnitude as the usual non relativistic amplitude (see N I and O II data of Table XII) .
However, as can be seen from Table XII and in reference [68] , if the M1 channel becomes rapidly dominant with increasing Z along the nitrogen-like sequence, the E2 channel remains, for low Z, of the same order of magnitude as the M1 channel. Furthermore, in the case of the C − system, the relativistic mixing of the The inversion of the fine structure splitting of the 2 D o term in C − with increasing active set reflects the difficulty to calculate this quantity for half filled shell systems, particularly in highly correlated systems. From this regard, it is also interesting to note that this fine structure is "normal", i.e. not inverted as in the heavier iso-electronic systems. In other words, it tends to behave like a less-than-half-filled-shell system. Table IX ).
IV. CONCLUSION
We performed large scale MCHF-CI calculations of the energy levels belonging to the lowest configuration of neutral carbon and all bound states of C − , including the fine structures, hyperfine structures and isotope shifts. In addition, we calculated all M 1 and E2 transition rates between the studied LSJ states. The overall precision of the non-relativistic expectation values is estimated to be about 0.3 − 0.8%. However, this imprecision on the total energy and S sms leads to a larger uncertainty on the differential effects. To our knowledge, the obtained non-relativistic energies are the most accurate ab initio values to date. We obtained an extrapolated energy for the C( 3 P ) state of −37.84465 E h in good agreement with the semi-empirical "exact" value of −37.8450 E h [42] .
We conducted a careful study of the relativistic corrections deduced from the comparison of relativistic CI calculations with the corresponding non-relativistic calculations. Even if the so-deduced corrections do permit a relevant theory versus experiment comparison and that the correlation effects still dominate our uncertainties in many cases, an estimation of the relativistic effects on a firmer basis should be performed in more accurate studies. We also note that the C − negative ion is very little affected by relativity.
We check the experimental hyperfine structure of the neutral carbon by replacing the theoretical parameters used in the original papers [44, 46] by our values. The resulting hyperfine constants and 11 C nuclear magnetic moments are in good agreement with previous experimental and theoretical studies.
As far as the transitions probabilities calculations are concerned, we find a good agreement of our neutral carbon A coefficients with the ones of the literature. For the C − intra-configuration transitions, we expect the relativistic corrections to the M1 operator to be less important than in higher Z iso-electronic systems. Once more, the missing correlation effects are equally limiting.
We find that the parametrization of the model in terms of the number of correlation layers (∼ n) and percentage of the wave function accounted by the MR in subsequent CI calculations (= p), provides useful tools for including a fixed percentage of the total correlation effects. It allows to establish lower bounds on detachment thresholds and, for calculations that are sufficiently converged with respect to n, upper bounds on ∆S sms (lower bound on S sms ).
